
























upon the properties of either gases or solids, then one could deduce at

least some sort of order of magnitude of the effect of vibrations upon

the transport properties of liquids. Again, however, the theory of solids

and gases is not well enough developed to allow quantitative calculation

of the effect of vibrations upon the transport properties. It was concluded

that any effort dealing with the effect of vibrations upon transport pro-

perties of matter should be approached from the experimental standpoint

rather than from the analytical standpoint.

In dealing with the effect of vibrations upon heat transfer the ques-

tion arises as to whether or not the vibrations contribute significantly

to the energy input to the system under study. If the vibrational energy

input to the material is significant, the energy equations must be modified

to account for this additional energy input. Molecular theory was used

to evaluate the energy input to a system composed of an ideal gas under

the influence of vibrations. It was possible to evaluate time rate of

energy input due to vibrations of an ideal _as confined within a rectan-

gular enclosure. Equations were derived for the time rate of energy input

as a function of acceleration level, vibrational frequency and container

dimensions for ideal gases. In addition, equations were derived for deter-

mining the equilibrium temperature which would result when an ideal gas

confined within a rectangular enclosure was subjected to vibrations at a

particular level over some interval of time. Energy inputs and equilibrium

temperatures were evaluated for example cases.
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INTRODUCTION

It is the purpose of this research program to determine the effects

of different vibrational modeson convective heat transfer in enclosures.

The need for information of this nature is broad but has been pointed to

in one instance by design engineers concerned with the effect of vibra-

tion on heat transfer in such cryogenic systems as rocket propellant

tanks and transfer systems. The aim of this research effort is to develop

a correlation equation for use by design engineers to predict heat flux

variation in enclosures due to vibration.

The first step taken to accomplish this task was to conduct a complete

literature search concerning the effect of vibration on natural convective

heat transfer. It soon becameobvious that the effort could be naturally

divided into three distinct areas of study. The first would be an analy-

tical investigation of the general problem of the effect of vibration on

convective heat transfer in an enclosure. The second would be the con-

duction of an experimental program to validate predictions of the analytical

study and,as well, to provide data where none presently exists. The third

area would be an attempt to determine what effect, if any, intense vibration

has on the transport properties of a cryogenic fluid.

The first year's research effort was then directed in these three

parallel paths. The first task involved a literature survey in which

225 articles were catalogued as being of possible interest to this research.

A number of these articles which were considered most pertinent to the

specific problem being investigated were abstracted for quick reference

to their content. These abstracts were presented in the First Quarterly

Report. The bibliography is included as an appendix to this report for
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completeness. It is broken into two sections: first, a section concerning

natural convective heat transfer and the effect of vibrations on such heat

transfer, and second, a section concerning the effect of vibrations on

transport properties of fluids.

A study of those papers listed in the first section reveals that

three categorizations can be made. The first would include those papers

dealing with the analytical prediction of heat transfer in enclosures

without vibrations, the second would include those papers dealing with

experimental determination of convective heat transfer rates in enclosures

without vibrations, and the third would be those papers concerning the

effect of vibration on heat transfer rates from any configuration. Although

there is a wealth of information available in these three categories, it

was found that there was no published information concerning either analy-

tical or experimental determination of convective heat transfer rates

within enclosures subjected to vibratory stresses. It was thus felt that

fundamental work was necessary in order to produce data and techniques

which would allow the prediction of convective heat transfer rates in

enclosures subjected to different modes of vibration. Because of this,

and for the sake of simplicity, rectangular enclosures were chosen for

study. Such a geometry would allow for both analytical and experimental

study of a one dimensional heat flux problem in which the heat transfer

surfaces could either be made isothermal or constant flux and, as well,

the vibration vector and heat flux vector could be oriented perpendicular

or parallel to each other. Once this decision was made an analytical

approach was begun immediately and the design of a test apparatus was

also started. The work which followed is described in the sections below.
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The review of literature concerning the effect of vibration on the

transport properties of a fluid revealed that no information was available

on this specific topic. As a result a fundamental analytical study was

initiated in an attempt to determine if a theory could be evolved which

would predict whether or not intense mechanical vibrations would affect

the transport properties of a fluid. A description of these efforts is

provided in the following section.

Thus the needs of design engineers concerned with a very practical

problem have pointed to a very broad area of technology for which there

exists a distinct lack of knowledge of phenomena and absence of funda-

mental data. The following sections will describe a three-pronged approach

used to develop techniques, data, theories, and predictive power in this

area of the effect of vibrations on convective heat transfer in enclosures.
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ANALYSIS OF PROGRESS

ANALYTICAL

The Natural Convection Problem and Its Formulation

Consider the laminar two-dimensional natural convection of a fluid

enclosed between two plane parallel vertical boundaries a distance W'

apart which are held at different temperatures. The space between the

vertical boundaries is closed by two horizontal boundaries a distance H'

apart where H'>>W' (see Fig. i). In the remaining direction, at right

angles to the plane of the sketch in Figure i, the space is considered

to extend to infinity. The enclosure, formed as described above and

depicted in Figure i, is subjected to either longitudinal or transverse

vibration.

The problem is now formulated with respect to a moving co-ordinate

system which is fixed to the vibrating enclosure. Under vibratory con-

ditions, the enclosure and confined fluid are assumed to vibrate together

as a bulk, i. e., no relative motion exists between the enclosure walls

and the confined liquid as a result of the vibration. This assumption

is crucial in that the mathematical formulation of the problem depends

in large measure upon how the vibration effects are incorporated into

the momentum equations. Additional assumptions relating to the manner

in which density variations are considered are also required, and these

assumptions must be weighed quite carefully in the final analysis. Each

of the aforementioned assumptions will be discussed and justified at the

point in the development where it is made.
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Figure i. Schematic Diagram of Rectangular Enclosure Subjected

to Either Transverse or Longitudinal Oscillations.

!

Let T_ and T c be the temperatures of the left and right vertical

boundaries respectively. (All dimensional quantities are primed and

all dimensionless quantities are unprimed.) Since pressure differences

in the fluid will be small in comparison to the absolute pressure, varia-

tions in density will be determined by variations in the temperature T'.

If the ratio (T_ - T_)/T_ is small, variation in the temperature of the

fluid normally needs to be considered only in the determination of the

buoyancy force. However, since there is an added force in the momentum

equations due to the enclosure motion, which involves the density of the
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fluid, and since it is of primary importance to determine the coupling of

these two forces, variations in the density will also be considered in

this added d'Alembert force. In the other force terms of the momentum

equations the density will be considered uniform at its meanvalue, i. e.,

its value at T = (T_ + T_)/2.

Considering the assumptions described above, the equation of con-

servation of mass is

+ = o (i)
_x' _y'

where x', y' are the coordinates as shown in Figure i and the corresponding

velocities are u', v' .

Assuming no temperature change in the fluid due to compression and/or

viscous dissipation, the energy equation becomes

i DT' = V2T' • (2)
' Dt'

In equation (2) D is the substantial derivative and V 2 is the Laplacian
Dt'

operator and are given by

_i_D= + + v'!--
Dt' _t' _x' _y'

V2_ _2 _2 , and

t' is time and _' is the thermal diffusivity (k'/_'Cp' for gases, k'/_'c v'

for liquids where 5' is the density evaluated at T', k' is thermal conduc-

!

tivity of the fluid and c_, cv are the specific heats); _' is considered

uniform at its value at T'.
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are :

Considering transverse vibration (x' direction) the momentumequations

Du' i _P' _ --__ = _ + _,V2u, p' dV' (3)
Dr' 5' _x' 5' dt'

Dv' - _ i _P' B'
--- + _'?2v' +--Y-- (4)
Dr' 5' _Y' 5'

where P' is the pressure in the fluid, _' is the kinematic viscosity

!

' is the body force. ' is(= /_,), V' is the enclosure motion, and By By
P

! !

equal to -p go which, considering the previous assumption regarding the

smallness of (T_ - rc)/T_, may be written

' = -_'g_8'T' + CBy (5)

' is thewhere 8' is the volumetric coefficient of thermal expansion, _o

acceleration of gravity, and C is a constant which is of no significance

in that it falls out of the final equations. The enclosure motion is

assumed sinusoidal so that

V v = aV_ v COS _vtv (6)

where a' and _' are the amplitude and frequency of vibration respectively.

The last term in equation (3) is a "so-called" d'Alembert force which

arises from the vibration of the enclosure and the assumption that the

enclosure and confined fluid move as a bulk.

The governing equations may be simplified by introducing the stream

function which satisfies the continuity equation identically. The velocity

components are then given in terms of the stream function, _', as:
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u' =_J__' and

_y'

It is also convenient to introduce the vorticity, _', defined by the

following equation:

?2_, = __, (7)

The governing equations may be put in dimensionless form by defining

the following dimensionless variables:

=
_v _v

T' ' V' _'t'
_ - T_ , V =-- , t = W,--TT--

_ v aVoWT T_ T c

_x' Y'x --- , and y =
W' W'

The energy equation (2) may now be written as

Pr _T + u_T + v_T = V2T (8)
_t _x _y

where u =-- (9)
_y

v = - __-_ and (i0)
_x

_V C v

Pr is the Prandtl number (---_-.)
k'

The vorticity equation becomes :

V2_ = -_ . (ii)
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The pressure is now eliminated from equations (3) and (4), p' is

eliminated with the use of equation (5), and equation (6) is used in

writing the d'Alembert force. These operations give

_t Pr _x Pr _y

+Ra [ _T+_,' sin m'W'2t _T]
_x go _' _Y

(12)

T' - T' _W'3g_
where Ra is the Raleigh number = ( h c) and g' = a'm '2 is the

_wMw

maximum acceleration of the enclosure. For longitudinal vibrations, y'

direction, equation (12) needs only to be modified by chan_ing the sign

of the last term in braces on the right-hand side to minus and the _T

_y
to _T . The remaining equations are unaltered.

_x

The initial conditions are:

_(x,y,o) --o

u(x,y,o) = o

v(x,y,o) = o

_(x,y,o) --o

T(x,y,o) = o

and

(uniform initial temperature).

The appropriate boundary conditions are:

_(o,y,t) = _(l,y,t) = o , T(o,y,t) = 1

!

P(x,o,t) = _(x,H--',t) = o, T(l,y,t) -- o
W'

H'
u(x,o,t) = u(x,_-r,t) --o

v(o,y,t) = v(l,y,t) = o and

H'

_T(xlo_t ) = _T(x_',t)
-- O

_y _y
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The fluid motion within the enclosure, and thus the heat transfer

rate, is governed by equations (8), (9), (I0), (ii), and (12) along with

the initial and boundary conditions.

Compressibility Effects

The mathematical formulation of the problem of predicting the effects

of vibration upon natural convection between two vertical parallel isothermal

surfaces was presented in the preceeding paragraphs. In the formulation

it was assumed, as has been done by other researchers studying the effects

of vibration on natural convection from single plane surfaces (154), that

the confined fluid and the enclosing surfaces move together as a bulk. This

assumption permitted modification of the momentum equations to include

implicitly a force term due to the vibration. The validity of this assump-

tion is questionable over wide frequency and amplitude ranges; however,

it has been shown (154) to yield reasonable results at relatively low

maximum enclosure velocities.

/

Since all real fluids are compressible to some extent, there will

be points within the confined fluid where the velocity, acceleration, and

displacement are not those of the enclosure itself. The extent of this

difference would be difficult to estimate theoretically to any degree of

accuracy; however, it should be possible to establish an estimate of an

upper bound where this difference is negligible. If one considers a single

plane surface vibrating in a fluid of infinite extent, it may be shown

(154) that if the maximum surface velocity is small in comparison to the

velocity of sound in the fluid, compressibility due to the vibration should

no_ be important. This conclusion was reached by considering (I) the wall
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